Introduction {#Sec1}
============

Silicon is one of the most studied elements in the world for its use in microelectronics, semiconductors technologies and its importance in Earth science^[@CR1],[@CR2]^. For example, it is believed that a certain percentage of Si could be contained in the Earth's core together with Fe and Ni and other light elements (such as S, O, H and C)^[@CR3]^. For these reasons, Si has been extensively studied (experimentally and theoretically) under extreme conditions and so far up to seven different polymorphs have been observed in compression experiments at ambient temperature.

At ambient conditions Si presents a diamond structure ($\documentclass[12pt]{minimal}
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                \begin{document}$$Fd\overline{3}m$$\end{document}$) labeled as Si-I. Under increasing pressure, Si-I transforms, via a coexistence region, into the metallic Si-II phase with a tetragonal *β*-Sn structure (*I*4~1~/*amd*)^[@CR4]^. The observed transition pressure from Si-I to Si-II and the pressure range over which coexistence is observed, strongly depend on the experimental conditions and they are both affected by non-hydrostatic stresses. In Diamond Anvil Cell (DAC) experiments performed using different techniques (from X-ray diffraction (XRD) to Raman), the reported Si-I/II transition pressure varies from 8.8 to 12.5 GPa^[@CR5]--[@CR10]^. Under uniaxial compression, the reported phase transition has been shown to occur at 12 GPa along the \[100\] and at lower pressure along the \[111\] direction via electrical resistance measurement^[@CR11]^. Under shock compression, instead, the transformation is observed in the 6--14 GPa pressure range^[@CR12]--[@CR15]^.

In a DAC experiment using a 4:1 methanol:ethanol mixture as pressure medium, McMahon *et al*. observed a new phase transition from the *β*-Sn structure to an orthorhombic phase (space group *Imma*) at a pressure of 14.4 GPa^[@CR6]^. The new phase, named Si-XI, remains stable up to 16 GPa, when the structure transforms to a simple hexagonal (*P*6/*mmm*) phase named Si-V^[@CR6],[@CR10]^. Under further compression, Si-V converts to the orthorhombic Si-VI phase (*Cmca*) at a pressure of 37.6 GPa. This phase was first observed by Olijnyk *et al*.^[@CR10]^ and subsequently indexed as a large orthorhombic cell, containing 16 atoms, by Hanfland *et al*.^[@CR16]^. In the pressure range 40--42 GPa, the structure undergoes a further phase transition to the Si-VII (*P*6~3~/*mmc*) form, which remains stable up to 79 GPa^[@CR17]^. Above this pressure, the cubic phase Si-X ($\documentclass[12pt]{minimal}
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                \begin{document}$$Fm\overline{3}m$$\end{document}$) develops which is stable up to at least 243 GPa^[@CR17]^.

Although the characterization of the high temperature part of the phase diagram of Si is beyond the scope of the present paper, a comprehensive description of the experimental and theoretical works performed so far on Si can be found in the articles of Turneaure *et al*.^[@CR18]^ and Paul *et al*.^[@CR19]^. Under decompression at ambient temperature, four additional phases have been observed to form from Si-II. In particular, under rapid decompression of Si-II to atmospheric pressure, the tetragonal phases Si-VIII (*P*4~1~2~1~2) and Si-IX (*P*4~2~22) appear^[@CR20]^. Upon relative slow decompression, Si-II transforms instead around 8--10 GPa into a semiconducting phase with a rhombohedral R8 structure (Si-XII)^[@CR21]^ which in turn transforms after further decompression into the Si-III phase, with a body-centred cubic BC8 unit cell^[@CR22]^.

Although Si has been extensively studied using several experimental and theoretical techniques, most of the studies performed so far were focused more on the determination of the pressure domain of a particular phase (or several phases)^[@CR5],[@CR16],[@CR23]--[@CR25]^. A synchrotron XRD characterization of the complete compression curve of Si at ambient temperature by modern DAC techniques has never been performed. To our knowledge, the most recent experimental determination of the Si equation of state (EOS) is from 1990^[@CR17]^. In these experiments the Si EOS was investigated by energy dispersive XRD from 40 to 243 GPa without any pressure medium. Since then, great progress has been achieved in the accuracy of the determination of compression curves. In particular the use of helium as a pressure transmitting medium has meant that samples experience a higher hydrostatic stress during the experiment^[@CR26]^. Third generation synchrotron sources have permitted smaller beam sizes with higher X-ray fluxes to be used, allowing for smaller sample sizes with more homogenous pressure in the illuminated region. Finally, the systematic uncertainties of DAC pressure metrology have been reduced, most importantly for the ruby pressure gauge^[@CR27]^. In the last few years it has been shown that results obtained by modern synchrotron DAC techniques can significantly improve on those obtained by older methods^[@CR27]--[@CR29]^. These considerations have lead us to re-examine the Si compression curve at ambient temperature. To the best of our knowledge, this compression curve has never been investigated across the complete range from ambient to pressures greater than 1 MBar using the same method. By using helium (He) as a pressure transmitting medium we may observe changes in the sequence of phases formed, in line with those predicted by theory. Thus we will be able to better constrain the pressure domains of each phase under hydrostatic conditions.

Results {#Sec2}
=======

The structural evolution of crystalline Si from ambient pressure to 105.2 GPa has been investigated at ambient temperature under quasi-hydrostatic conditions. Over this pressure range, Si was observed to undergo six phase transitions four of which are associated with a coexistence region. In the following sections, the stability field and compression curve of each phase are described and compared with previous studies. The crystallographic changes occurring in the structures and the corresponding mechanisms of the phase transitions are well known, therefore they are not discussed in this paper. A comprehensive description of the phase transitions of the group IV elements has been previously presented by Katzke *et al*.^[@CR30]^.

Si-I: diamond structure {#Sec3}
-----------------------

At ambient pressure, the observed signal on the image plate presents a single crystal like texture corresponding to the 111, 311, 331, 422 and 511 reflections of the Si-I phase (diamond, $\documentclass[12pt]{minimal}
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                \begin{document}$$Fd\overline{3}m$$\end{document}$). Under the present experimental conditions, the Si-I phase can be observed up to 13.9 GPa although a coexistence with the phases Si-II and Si-XI appears between 13.1 GPa and 13.5 GPa and will be discussed in detail later in the text.

During the data analysis, each (unsaturated) single crystal XRD peak was integrated individually and used to determine the lattice parameters for each reflection. The final value of the Si-I lattice parameter was then calculated as the average of all the measured ones.

In Table [1](#Tab1){ref-type="table"} the obtained results for Si-I are reported together with the corresponding pressure measured from the ruby fluorescence method^[@CR28]^. Pressure measured from the compression curves of Au^[@CR31]^ and W^[@CR28]^ are also reported in the table to compare the reliability of the measured pressure and, to further constrain the pressure distribution inside the high pressure chamber during the experiment.Table 1Measured pressures in GPa and lattice parameters of tungsten (a~*W*~), gold (a~*Au*~) and Si-I for the four experimental runs.RunP~*ruby*~^[@CR28]^P*au*^[@CR31]^P~*W*~^[@CR28]^a~*Au*~ (Å)a~*W*~ (Å)a (Å)ST10.30.13.1645.4240.50.43.1635.4235.45.13.1485.34310.19.53.1345.279ST32.12.14.0625.3926.96.94.0295.31911.010.94.0045.26411.211.14.0035.26111.311.24.0025.26011.411.34.0025.25911.511.44.0015.25711.611.54.0005.25611.711.63.9995.25511.811.63.9995.25411.911.63.9995.25412.011.93.9985.25212.612.43.9955.24512.812.63.9945.24213.012.93.9935.24013.213.03.9925.23913.313.13.9915.23913.513.13.9915.237ST20.20.14.0785.4280.40.44.0755.4230.60.64.0745.4201.71.64.0665.4042.32.24.0615.3933.02.94.0565.3804.14.04.0485.3645.55.54.0385.3407.17.24.0275.3218.98.94.0165.29810.110.14.0095.27910.610.54.0065.27311.511.54.0005.261ST1-20.05.4312.25.39311.75.25812.35.25112.55.24712.65.24612.85.24412.95.24313.25.240The data are listed in the order they have been taken. Experimental uncertainty on lattice parameters is lower than 0.003 Å. Uncertainty on pressure measurement increases from 0.05 GPa at 1 GPa to 2 GPa at 150 GPa if the ruby pressure scale is assumed to be correct^[@CR47]^.

In Fig. [1](#Fig1){ref-type="fig"} the corresponding normalized volumes per unit cell of the Si-I phase are plotted as a function of pressure together with the results obtained from previous studies. Si-I bulk modulus *K*~0~, its pressure derivative $\documentclass[12pt]{minimal}
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                \begin{document}$${K^{\prime} }_{0}$$\end{document}$ and the volume *V*~0~ at ambient pressure have been determined by a least-squares fit of the present pressure-volume data to a Rydberg-Vinet^[@CR32]^ and a third-order Birch-Murnaghan (BM3) EOS^[@CR1]^.Figure 1(**a**) Measured volume of Si-I as a function of pressure compared to previous experimental studies^[@CR6],[@CR10],[@CR24],[@CR36]^. (**b**) Percentage error between the measured and fitted volume of the present data using a Vinet EOS with *V*~0~ = 20.031 Å^3^/atom, *K*~0~ = 97.89 GPa and $\documentclass[12pt]{minimal}
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                \begin{document}$${K}_{0}^{\text{'}}$$\end{document}$ = 4.24.

The resulting values are summarized in Table [2](#Tab2){ref-type="table"}. The uncertainties in the obtained values correspond to the 95 % confidence interval of the fitted values. When $\documentclass[12pt]{minimal}
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                \begin{document}$${K^{\prime} }_{0}$$\end{document}$ is fixed to 4.24 as obtained in the ultrasonic measurement of *McSkimin et al*.^[@CR33]^, the obtained fit values are in good agreement with the ultrasonic ones (see Table [2](#Tab2){ref-type="table"}).Table 2EOS parameters of Si-I measured (or calculated) in different experiments.Reference*V* ~0~\
(Å^3^/atom)*K*~0~, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${K}_{0}^{\text{'}}$$\end{document}$\
(GPa)P range\
(GPa)PTMPressure gaugeEOSMethodThis Study20.021101.5, 3.430.0--13.0HeRuby^[@CR28]^, W^[@CR28]^, Au^[@CR31]^VinetXRD in DACThis Study20.03796.50, 4.24\*0.0--13.0HeRuby^[@CR28]^, W^[@CR28]^, Au^[@CR31]^VinetXRD in DACThis Study20.011101.5, 3.450.0--13.0HeRuby^[@CR28]^, W^[@CR28]^, Au^[@CR31]^BM3XRD in DACThis Study20.03796.86, 4.24\*0.0--13.0HeRuby^[@CR28]^, W^[@CR28]^, Au^[@CR31]^BM3XRD in DAC^[@CR6]^20.01299.90, 3.800.0--11.74:1 methanol-ethanolRuby^[@CR7]^BMXRD in DAC^[@CR33]^97.88, 4.240.0--0.2ultrasonic^[@CR24]^96.00, 3.900.0--9.01:1 ethyl-methyl-alcoholNaClMhydraulic press^[@CR5],\ [@CR36]^97.88, 4.24^+^0.0--11.34:1 methanol-ethanol, ArRuby^[@CR48]^ or NaClXRD in DAC^[@CR49]^97.83, 5.08HeRuby^[@CR48]^PI in DAC^[@CR10]^0.0--8.84:1 methanol-ethanolRuby^[@CR50]^ED-XRD in DAC^[@CR35]^19.75094.34, 4.08DFT with LDA^[@CR35]^20.51087.29, 4.06DFT with GGA^[@CR34]^20.07099.10, 4.00BMDFT with HSE06The volume *V*~0~, bulk modulus *K*~0~ and its pressure derivative $\documentclass[12pt]{minimal}
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                \begin{document}$${K}_{0}^{\text{'}}$$\end{document}$ are listed. Experimental methods and EOS formulation are specified. The pressure range refers to regions where only the Si-I phase is observed. \*: Fixed parameter.+: According to^[@CR5]^ their data are in agreement with the ultrasonic values from Mcskimin *et al*., they didn't perform any actual fit. PTM: Pressure transmitting medium. M: Murnaghan. BM: Birch-Murnaghan. PI: Phonon Imaging.

In Table [2](#Tab2){ref-type="table"} the values obtained in this experiment are compared to the ones obtained from previous studies together with the observed pressure domain of pure Si-I phase. It is interesting to observe that the *K*~0~ obtained in the present study by fixing $\documentclass[12pt]{minimal}
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                \begin{document}$${K}_{0}^{\text{'}}$$\end{document}$ to the ultrasonic values of Mcskimin *at al*.^[@CR33]^, results 2.7% smaller than the ones calculated by Hennig *et al*.^[@CR34]^ in a DFT study using a Heyd-Scuseria-Ernzerhof screening Coulomb hybrid functional (HSE06). Whereas, the *K*~0~ values obtained with DFT calculations using a generalized gradient approximation (GGA) and a local density approximation (LDA) in Wang *et al*.^[@CR35]^ are 9.5% and 2% lower than the one obtained in the present study (fixing $\documentclass[12pt]{minimal}
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                \begin{document}$${K}_{0}^{\text{'}}$$\end{document}$), respectively.

The EOS derived from the compression curve of Si-I in the present work (Fig. [1](#Fig1){ref-type="fig"}) is in good agreement with the reported curve of McMahon *et al*.^[@CR6]^. We note that in that work the authors report a phase transition to Si-II at 11.0 GPa, whereas in the present study no phase transition was observed before 13.1 GPa. A good agreement is also observed with the data of Senoo *et al*.^[@CR24]^ obtained with XRD experiment performed in a hydraulic press-driven cubic anvil apparatus using a 1:1 mixture of ethyl- and methyl-alcohols and, with the data obtained from an energy dispersive XRD experiment in 4:1 methanol:ethanol performed by Olijnyk *et al*.^[@CR10]^.

Hu *et al*.^[@CR5],[@CR36]^ also studied the compression of Si in a XRD-DAC experiment in 4:1 methanol:ethanol mixture. Comparing their result with the present study it is clear they are making an overestimation, despite their using the values derived from the ultrasonic studies of Mcskimin *et al*.^[@CR33]^. Furthermore such an overestimation becomes more evident with increasing pressure with a percentage difference from the ultrasonic EOS passing from 0.27% at 3 GPa to 1.48% at 12.6 GPa. This trend is normally associated to a non-hydrostatic condition in the high pressure chamber of a DAC such as a direct compression of the sample between the diamond anvils^[@CR37]^.

Si-I, II and XI: first coexistence region {#Sec4}
-----------------------------------------

The Si-I phase (cubic diamond structure, $\documentclass[12pt]{minimal}
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                \begin{document}$$Fd\bar{3}m$$\end{document}$) is stable up to a pressure of 13.1 GPa when new peaks, associated to the tetragonal *β*-tin (*I*4~1~/*amd*, Si-II) and the orthorhombic *Imma* (Si-XI) phases, develop in addition to the five reflections of the cubic diamond phase (see Fig. [2](#Fig2){ref-type="fig"}). A similar behaviour has been previously observed by McMahon *et al*.^[@CR6]^, although they only discuss the possibility of a coexistence of the three phases due to the overlapping of several peaks that can belong to both the *Imma* and the *β*-tin but couldn't be discriminated due to signal resolution problems. The coexistence of these three phases, has also been predicted by DFT simulations by Yao and Klug^[@CR38]^. They found that up to a pressure of 10 GPa, the diamond structure is the most enthalpically favourable. From 10 GPa up to 13.2 GPa, the *β*-tin and the *Imma* structures are the most stable structures, both with similar enthalpies, whilst above this range the *Imma* structure becomes more favourable.Figure 2Le Bail refinements of XRD patterns collected in the ST3 run at 13.0 GPa, 13.5 GPa, 15.5 GPa, 16.0 GPa and 16.3 GPa representing the Si-I phase, coexistence between Si-I, II and XI, the Si-XI phase, coexistence between Si-XI and Si-V and the Si-V phase, respectively. All the phases have been indexed with different colours. The same colour code is used with the circle and crosses of the already indexed peaks. The 111 peak at 13.0 GPa was not included in the fitting as the single-crystal like reflection saturated the detector.

Table [3](#Tab3){ref-type="table"} reports the measured pressure domain of the Si-II and Si-XI phases together with the ones obtained from previous studies.Table 3Measured pressure domains for phases Si-II and XI compared to previous studies.P domainP′ domainexp. typePTMRef.**Si-II**13.1--14.313.1--14.3XRD in DACHepresent11.2--16.411.3--16.5XRD in DAC4:1 meth:eth^[@CR36]^8.8--16.08.9--16.6ED-XRD in DAC4:1 meth:eth^[@CR10]^11.7--14.412.0--14.8XRD in DAC4:1 meth:eth^[@CR6]^11.0--13.6DFTN/A^[@CR19]^**Si-XI**13.1--16.013.1--16.0XRD in DACHepresent13.1--16.113.4--16.7XRD in DAC4:1 meth:eth^[@CR6]^13.6--16.0DFTN/A^[@CR19]^In the table, P refers to the reported pressure domain while P′ is the pressure domain obtained by re-interpreting each reported data using the calibration used in the present study. PTM: Pressure transmitting medium.

Under the present experimental conditions, the onset of the phase transition from Si-I to Si-II (13.1 GPa) is higher than previously observed in other static compression experiments. The corresponding pressure domain of Si-II is narrower and, actually corresponds to the observed coexistence region between Si-II and XI reported by McMahon *et al*.^[@CR6],[@CR23]^. The onset of the phase transition to Si-XI is also in good agreement with the results of McMahon *et al*.^[@CR6],[@CR23]^ while the observed pressure domain of Si-XI appears to be slightly narrower but in agreement within the experimental errors.

Although the *β*-tin and *Imma* phase reflections are strongly overlapping, it was possible to determine the lattice parameters for all three phases at the transition pressure via a Le Bail fit. The results obtained from the fit together with the measured pressure for both Si-II and Si-XI phases are reported in Table [4](#Tab4){ref-type="table"}.Table 4Measured pressures in GPa and lattice parameters of gold (a~*Au*~), Si-II and XI.P~*ruby*~^[@CR28]^P~*Au*~^[@CR31]^a~*Au*~ (Å)phasea(Å)b(Å)c(Å)**ST3**13.513.13.990II4.6482.56013.613.23.990II4.6482.56013.813.33.989II4.6472.55913.913.53.988II4.6452.55714.013.63.987II4.6442.55814.113.73.987II4.6422.55713.513.13.990XI4.7144.6012.54513.613.23.990XI4.7144.6032.54313.813.33.989XI4.7144.6012.54413.913.53.988XI4.7134.5942.55014.013.63.987XI4.7144.5872.55514.114.03.985XI4.7164.5862.55414.313.93.986XI4.7124.5752.55814.414.03.985XI4.7174.5682.55714.514.43.983XI4.7184.5622.55814.614.33.984XI4.7234.5542.55814.714.63.982XI4.7264.5452.55614.914.83.981XI4.7304.5382.55615.014.63.982XI4.7344.5302.55515.214.83.981XI4.7374.5202.55515.314.93.980XI4.7404.5112.52415.515.13.980XI4.7434.5032.55315.715.23.979XI4.7484.4912.55315.815.43.978XI4.7484.4792.55116.015.53.977XI4.7614.4612.55316.115.73.976XI4.7784.4272.550**ST2**13.113.0II4.6562.55613.413.2II4.6532.54614.314.1II4.6442.55613.113.0XI4.7084.6062.55513.413.2XI4.7074.5992.55414.314.1XI4.7004.5912.56115.315.2XI4.7384.5172.55316.015.9XI4.7644.4722.549Experimental uncertainty on lattice parameters is lower than 0.003 Å. Uncertainty on pressure measurement increases from 0.05 GPa at 1 GPa to 2 GPa at 150 GPa.

In Fig. [2](#Fig2){ref-type="fig"}, the reported integrated diffraction patterns and the corresponding Le Bail fits, show the structural evolution of Si from 13.0 GPa to 16.3 GPa. It is important to emphasise that at 13.5 GPa only by considering the three phases (I,II and XI) together can explain the observed reflections. Also interesting is the different behavior of the 020, 211 and 121 reflections of the Si-XI phase from 13.5 GPa to 15.5 GPa. At 13.5 GPa, when the three phases coexist, the 020 reflection of Si-XI is closer to the 200, while the 211 and 121 are overlapped, forming a single broad peak. At 15.5 GPa, however, when only the Si-XI phase is observed, the 020 reflection appears to be closer to the 101 and the 211 and 121 are well separated in two distinct peaks as previously reported^[@CR6]^. Detailed XRD refinements of the coexistence region are reported from Fig. [S8](#MOESM1){ref-type="media"} to Fig. [S17](#MOESM1){ref-type="media"} of the Supplementary Materials.

In the compression curves obtained for both phases (Fig. [3](#Fig3){ref-type="fig"}) we observe a plateau corresponding to the coexistence region. In the region with only the Si-XI phase, a decreasing trend in the compression curve is observed.Figure 3Measured volume of Si-II and Si-XI as a function of pressure (solid black and green marks) compared to previous experimental studies (red solid marks)^[@CR6]^. The solid line represent a fit of the present experimental data to a Vinet EOS, whereas the dashed line separates the coexistence region from the one phase region.

Above 16 GPa: Si-V, VI, VII and X {#Sec5}
---------------------------------

From 15.8 GPa, diffraction peaks for the simple hexagonal phase (*sh*; *P*6/*mmm*, Si-V) were observed in addition to those of the *Imma* phase. The two phases coexist from 15.8 to 16.1 GPa and from 16.3 GPa only the simple hexagonal phase was observed. Figure [5](#Fig5){ref-type="fig"} shows the evolution of Si diffraction patterns at pressure above 16.3 GPa. A two phase Le Bail fit at the transition pressure of the *Imma* and simple hexagonal phases gave lattice parameters *a* = 4.748 Å, *b* = 4.479 Å, *c* = 2.551 Å (*b*/*a* = 0.943; *c*/*a* = 0.537) for *Imma*; and *a* = 2.563 Å and *c* = 2.381 Å (*c*/*a* = 0.929) for simple hexagonal. There was only a small change in volume of \~0.18% between the two phases. The phase transition from *Imma* to simple hexagonal is brought about by a further shift of the Si atoms along the \[100\] direction to form 6-fold symmetry chains parallel to the *Imma α*-direction/simple hexagonal *c*-direction. In the simple hexagonal structure, there is only one atom per unit cell (Wyckoff position 1a) which has a distorted 8-fold coordination environment (CN = 8; at 16.3 GPa 2 × 2.386Å, 6 × 2.553Å).Figure 4Compression curves of the Si phases observed between 40.0 GPa and 105.2 GPa (inset shows data between 15.0 GPa and 40.0 GPa) and compared to previous studies. Solid black points represent the present experimental data whereas solid black line (with the only exception of the Si-VI) are the corresponding Vinet EOS. The coexistence region between the Si-VI as Si-VII is represented by a dashed line extrapolated from the Si-VII EOS as it was not possible to measure the actual volume of Si-VII having only two peaks. The vertical dashed lines underline the coexistence region between Si-VII and Si-X phases.Figure 5Diffraction patterns of Si collected at (**b**) 39.7 GPa, 42.1 GPa, (**a**) 59.15 GPa, 90.83 GPa and 100.3 GPa. Each pattern has been indexed and the corresponding phase(s) has(have) been specified with different colours. The same colour code is applied to the circle indicating already indexed peaks.

The simple hexagonal phase (Si-V) has been indexed up to 40.9 GPa. At 42.1 GPa, Si-V is replaced by the coexistence of Si-VI and Si-VII, the first with an orthorombic (*Cmca*) symmetry and the latter with a hexagonal (*P*6~3~/*mmc*) symmetry. This field of coexistence serve as transition to the pure Si-VII stability field that begins at 47.0 GPa (see Table [5](#Tab5){ref-type="table"}). Si-VII is the only phase observed up to a pressure of 90.8 GPa, at which point peaks belonging to the cubic $\documentclass[12pt]{minimal}
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                \begin{document}$$Fm\bar{3}m$$\end{document}$ make their first appearance together with the hexagonal structure. From 94.0 GPa, only the cubic (Si-X) phase is observed. The resulting compression curves are plotted in Fig. [4](#Fig4){ref-type="fig"} together with previous results. Whereas, the measured lattice parameters and the corresponding pressures are reported in Tables [6](#Tab6){ref-type="table"} and [7](#Tab7){ref-type="table"}. The obtained stability fields are in agreement with the literature studies^[@CR6],[@CR10],[@CR16]^. However, a shift to higher transition pressure is observed in the present study (with the only exception of the study of Hanfland *et al*.^[@CR16]^). Such a behaviour is attributed to the different hydrostatic condition experienced by the sample in various experiments.Table 5Measured pressure domains for phases Si-V, VI, VII and X compared to previous studies.P domainP′ domainexp. typePTMRef.**Si-V**15.8--40.915.8--40.9XRD in DACHethis13.2--36.013.3--36.9XRD in DAC4:1 meth:eth^[@CR36]^30.0\*--40.030.6--41.1XRD in DACAr^[@CR16]^16.0--34.0\*\*16.6--37.0ED-XRD in DAC4:1 meth:eth^[@CR10]^15.4--16.2\*15.9--16.8\*XRD in DAC4:1 meth:eth^[@CR6]^36.0\*--41.036.4\*-41.7ED-XRD in DACNone^[@CR17]^16.0--33.2DFTN/A^[@CR19]^**Si-VI**42.1--46.042.1--46.0XRD in DACHethis38.0--47.539.0--49.0XRD in DACAr^[@CR16]^39.0--43.339.5--44.0ED-XRD in DACNone^[@CR17]^34.0\*\*37.0\*\*ED-XRD in DAC4:1 meth:eth^[@CR10]^33.2--40.6DFTN/A^[@CR19]^**Si-VII**42.1--94.442.1--94.4XRD in DACHethis40.0--49.2\*41.1--50.8\*XRD in DACAr^[@CR16]^36.0--42.0\*36.9--43.2\*XRD in DAC4:1 meth:eth^[@CR36]^41.8--79.042.4--81.9ED-XRD in DACNone^[@CR17]^40.6--80.0DFTN/A^[@CR19]^**Si-X**90.8--105.2\*90.8--105.2\*XRD in DACHethis79.0--248.0\*81.9--270.0\*ED-XRD in DACNone^[@CR17]^80.0--2800.0DFTN/A^[@CR19]^In the table, P refers to the reported pressure domain while P′ is the pressure domain obtained by re-interpreting each reported data using the calibration used in the present study. PTM: Pressure transmitting medium.\*: the reported experiment starts or ends at this pressure values. \*\*: Higher pressure are not specified in the reported paper.Table 6The unit-cell parameters of the high-pressure phases of Si at ambient temperature.RunP~*ruby*~^[@CR28]^P~*Au*~^[@CR31]^P~*W*~^[@CR28]^a~*Au*~a~*W*~a~*V*~c~*V*~a~*VI*~b~*VI*~c~*VI*~a~*VII*~c~*VII*~a~*X*~*ST*117.917.33.1122.5472.38025.523.33.0962.5102.35733.332.43.0732.4762.33440.939.83.0562.4492.31543.542.53.0507.9624.7744.75546.045.03.0457.9214.7584.74248.647.73.0392.4514.16050.950.13.0342.4434.14653.052.33.0302.4374.13555.154.43.0262.4314.12557.156.43.0222.4254.11559.258.63.0182.4194.10561.160.33.0142.4154.09663.062.23.0112.4104.08964.964.33.0072.4054.08166.866.03.0042.4004.07268.567.93.0002.3964.06470.469.92.9972.3914.06472.171.72.9942.3884.05173.673.12.9912.3854.04775.975.22.9882.3814.03677.576.92.9852.3764.03179.879.12.9812.3724.02382.081.22.9782.3674.01584.383.62.9742.3634.00886.986.42.9692.3573.99788.787.82.9672.3543.99490.889.82.9642.3523.9903.34291.790.82.9622.3513.9853.34293.192.12.9602.3503.9813.34094.493.72.9582.3493.9753.33796.195.42.9553.33498.297.42.9523.328100.399.32.9503.323102.2101.32.9473.320104.0103.42.9443.314105.2104.22.9433.312*ST*315.815.63.9782.5632.38116.015.73.9772.5552.38716.115.93.9762.5542.38416.316.03.9742.5542.386*ST*216.516.83.9722.5502.38517.617.63.9682.5452.38218.118.23.9652.5422.38019.819.83.9572.5342.37521.621.33.95002.5252.36923.523.43.9402.5152.36225.725.63.9302.5052.35527.427.53.9232.4982.35028.928.83.9172.4922.34630.430.43.9102.4862.34232.032.03.9042.4802.337All values are obtained using He as pressure transmitting medium. The pressures measured with the ruby fluorescence method and Au and W standards are all reported in GPa. The lattice parameters are reported in Å. Experimental uncertainty on lattice parameters is lower than 0.003 Å. Uncertainty on pressure measurement increases from 0.05 GPa at 1 GPa to 2 GPa at 150 GPa.Table 7The unit-cell parameters of the high-pressure phases of Si at ambient temperature.RunP~*ruby*~^[@CR28]^P~*Au*~^[@CR31]^P~*W*~^[@CR28]^a~*Au*~a~*W*~a~*V*~c~*V*~a~*VI*~b~*VI*~c~*VI*~a~*VII*~c~*VII*~a~*X*~*ST*233.533.43.8992.4742.33335.034.83.8942.4692.32936.436.63.8872.4632.32537.938.03.8822.4582.32139.739.53.8772.4522.31742.142.03.8687.9874.7814.758All values are obtained using He as pressure transmitting medium. The pressures measured with the ruby fluorescence method and Au and W standards are all reported in GPa. The lattice parameters are reported in Å. Experimental uncertainty on lattice parameters is lower than 0.003 Å. Uncertainty on pressure measurement increases from 0.05 GPa at 1 GPa to 2 GPa at 150 GPa.

The experimental compression curves for Si-V, Si-VII and Si-X were all fitted with both a Vinet and a BM3 EOS. A fit with the data obtained for the Si-VI phase was not possible as only three data points are available. During the fitting procedure, the *V*~0~ of the high pressure phases have been calculated by extrapolating the data to ambient pressure. The parameters obtained from the fit are reported in Table [8](#Tab8){ref-type="table"}. Concerning the *P*6/*mmm* phase, the results obtained from the Vinet and the BM3 fit agrees within the error bars. The observed differences in the absolute values are explained by the trade-off between the bulk modulus and its first derivative in pressure. The lower *K*~0~ in the Vinet is compensated by a higher $\documentclass[12pt]{minimal}
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Conclusions {#Sec6}
===========

In the present study, the compression curve of Si was investigated from ambient pressure up to 105.2 GPa at ambient temperature using angular dispersive XRD in DAC. The experiment was performed in quasi-hydrostatic conditions using He as pressure transmitting medium. The hydrostaticity of the experiment was qualitatively determined from an analysis of the X-ray diffraction pattern at the highest pressure reached. This showed a maximum deviation from expected lattice parameters, caused by macroscopic stress, of ca. 0.08%, which is within the uncertainty of the experiment. The pressure experienced by the sample was measured via the ruby fluorescence method and from the measured atomic volume of W and Au using the calibration from Dorogokupets *et al*.^[@CR28]^.

Seven different polymorphs of Si were observed in the investigated pressure range, in agreement with literature data^[@CR5]--[@CR11],[@CR16],[@CR17],[@CR24],[@CR25]^. The use of He as pressure transmitting medium had not lead to the formation of new Si phases in the investigated pressure range, although a general trend of each phase stability field shifting to higher pressure was observed. In particular, it is important to emphasise the observed behaviour of the well-known Si-I to Si-II phase transition^[@CR5]--[@CR11]^. In the present study the Si-II structure was never observed singularly, instead it was found to coexist in the entire pressure domain with the Si-XI phase.

In Fig. [6](#Fig6){ref-type="fig"} the measured compression curve of Si from ambient to 105.2 GPa pressure is reported. The stability fields of the different phases of Si are represented with different colors and filling pattern in the figure. The solid black lines are obtained from the fit of the measured data to Vinet EOS extrapolated down to ambient pressure. The solid line of Si-VII phase starts at 42.1 GPa, even though experimental data for this phase are not reported in the graph. The Vinet EOS curve is extrapolated into the region between 42.1 and 48.6 GPa because in this range Si-VII phase peaks were observed together with the Si-VI phase peaks, indicating their coexistence. However, as the Si-VII phase peaks were not well resolved, it was impossible to include them in a LeBail refinement.Figure 6The volume-pressure relation of Si up to 105.2 GPa at room temperature using He as pressure-transmitting medium. Black symbols represents the measured experimental volumes. The continuous black line represent the fit of the experimental data of each phase to a Vinet EOS.

It is interesting to notice how, due to the hydrostatic condition of the actual experiment, four different coexistence regions have been observed in the investigated pressure range. This are: the coexistence between the Si-II and the Si-XI phase in the region between 13.1 GPa and 14.3 GPa; the coexistence between the Si-XI and the Si-V phase between 15.8 GPa and 16.1 GPa; the coexistence between the Si-VI and the Si-VII phase in the region between 42.1 GPa and 46.0 GPa.

The observed coexistence between the Si-VI and the Si-VII phase is in good agreement with the data of Hanfland *et al*.^[@CR16]^ although in their study, they observe a wider stability field for the Si-VI going from a coexistence with the Si-V phase at 38 GPa, to a coexistence with the Si-VII phase starting at 42.5 GPa and ending at above 47.5 GPa when only the Si-VII phase is observed.

The newly observed coexistence between the Si-VII and the Si-X phases in the region between 90.8 GPa and 94.4 GPa was probably not observed by Duclos *et al*. due to the absence of hydrostatic condition during their experiment^[@CR17]^.

Finally, it is important to notice that these coexistence regions do not necessarily describe the thermodinamically stable fields since usually, solid-solid phase transitions (like those observed here) can be strongly affected by kinetic barriers^[@CR39]^. Therefore, the phase boundaries experimentally determined in the present study might correspond to kinetic phase boundaries^[@CR40]^. A further characterization of these coexistence region under releasing pressure will provide a better insight on the thermodynamic stability field of these phases.

Methods {#Sec7}
=======

The structural evolution of Si from ambient pressure to 105.2 GPa was investigated by synchrotron XRD experiments in DAC at ambient temperature. Four DACs were used during the course of this study, each fitted with a Re gasket. Gaskets were prepared by pre-indenting Re foils (200 *μ*m initial thickness), which were then drilled by spark erosion to form the high-pressure chambers of the cells.

A grain of Si (approx 4 *μ*m each; 99.999% purity, Sigma Aldrich) was loaded into each chamber and a pressure standard was also added a few *μ*m from the Si sample. Ruby spheres were used in all four cells as pressure standards, whilst in three of them an additional W or Au X-ray standard was included since these metals have high X-ray scattering powers and well characterised EOS, attested by the consistency between static, dynamic and ultrasonic measurements^[@CR27],[@CR41]^. Finally the He pressure transmitting medium was loaded into the cell. The experimental conditions adopted in each run are reported in Table [9](#Tab9){ref-type="table"}.Table 9Condition of each experimental run. Sizes are in *μ* m; pressures are in GPa.RunP rangeP gaugeculet sizesample sizeSDD (mm)X-rays wavelength (nm)ST20.38--42.1Ruby, Au4003500.360.4246ST1--20.32--13.3Ruby150 × 3003336.640.4246ST10.33--105.2Ruby, W150 × 3004500.360.4246ST32.1--16.3Ruby, Au5003470.850.3099All samples were loaded in He pressure transmitting medium. SDD: Sample-to-detector distance.

Diffraction data were collected at beamline I15 (Diamond Light Source, Oxon., UK)^[@CR42]^ using a monochromatic X-ray beam (*λ* = 0.4246 Å and *λ* = 0.3099 Å) and measured using a MAR345 area detector. The detector geometry was calibrated with a La *B*~6~ standard using the powder calibration routines of the DAWN software suite^[@CR43]^. Measurements were made at three different sample-detector distances (500.39 mm, 424.36 mm and 324.44 mm; determined from DAWN calibration), with the distance selected depending on the angular range necessary to follow changes in the structure under investigation. Masks were applied to the raw diffraction images on a per-image basis before they were azimuthally integrated using the processing tools in the DAWN suite^[@CR44]^. Diffraction data were analyzed by Le Bail fitting using the routines of the TOPAS software suite^[@CR45]^, literature values for the lattice parameters of each phase were used as a starting point for these refinements.

During the experiment, pressures inside the high-pressure chambers of the DACs were measured using ruby luminescence and the unit cell volume of either W or Au for runs ST1, ST2 and ST3 and ruby luminescence only for run ST1-2. Calibration data for these three pressure standards were taken from Dorogokupets *et al*.^[@CR28]^. The entire set of integrated XRD patterns is reported in Figs [S1](#MOESM1){ref-type="media"}--[S3](#MOESM1){ref-type="media"} of the Supplementary Materials.

Hydrostatic conditions {#Sec8}
----------------------

As stated in Takemura and Dewaele^[@CR31]^ and Anzellini *et al*.^[@CR29]^, it is desirable to achieve purely hydrostatic conditions in the sample chamber of a diamond anvil cell, which would be provided by a liquid pressure transmitting medium. However, even helium becomes solid above about 12 GPa at room temperature and above this pressure, tends to induce non-hydrostatic stress in the sample chamber. Even at lower pressure, the stress can become non-hydrostatic if the sample bridges the anvils due to excessive thinning of the gasket or due to a large initial thickness of the sample. For this reason, interferometry was used to ensure that sample size and indent depth were of the correct relative dimensions to prevent the sample bridging the diamond culets.

A qualitative analysis of the hydrostatic conditions of the sample has been performed by comparing the measured d-spacing of Si at the highest pressure reached (105.2 GPa) to the theoretical (hydrostatic) one calculated using the lattice parameter obtained by a refinement of the entire XRD pattern^[@CR26]^. Table [10](#Tab10){ref-type="table"} shows the measured and the calculated d-spacing of Si-X at 105.2 GPa together with their percentage deviation. The deviation of less than 0.08%, is within the experimental error of the present experiment. Such an error was estimated from the deviation between the measured and calculated d-spacing of the LaB~6~ standard at ambient pressure. We can thus conclude that the non-hydrostatic stress is below the detection limit of our measurement. This is in agreement with the quantification of the macroscopic non-hydrostatic stress on metals in a helium pressure transmitting medium - i.e. 0.5 GPa at 150 GPa^[@CR46]^.Table 10Measured reflections for Si-X at 105.2 GPa.hkld~*m*~(Å)d~*calc*~(Å)$\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{{d}_{m}-{d}_{calc}}{{d}_{calc}}$$\end{document}$ %1111.912451.912430.0010021.657481.656210.0770221.170651.171120.0403110.998850.998730.012*hkl* are the Miller indices of the reflection. *d*~*m*~ is the corresponding measured inter-planar distance measured by individual peak fitting. *d*~*calc*~ is the inter-planar distance calculated by a fit of the whole diffraction pattern.

A similar conclusion is obtained from the analysis of the pressure evolution of the *R*~1~-*R*~2~ splitting and the full width half maximum (FWHM) of *R*~1~ ruby fluorescence peaks (Fig. [S6](#MOESM1){ref-type="media"} of the Supplementary Materials (SM)) and the pressure evolution of the FWHM and normalized d-spacing of the W pressure gauge (Fig. [S7](#MOESM1){ref-type="media"} of SM), as explained in Takemura^[@CR26]^.
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